stituents, which is applied to MITgcm as additional atmospheric pressure forcing. The details of the 205 tidal forcing constituents used can be found in Savage et al. [2017] .
206
This model develops a realistic tidal flow field and an inertia gravity wave (IGW) continuum that 207 is reminiscent of the observed Garrett-Munk spectrum [Munk, 1981] , which is thought to arise from 208 nonlinear interactions between near-inertial waves driven by winds and internal tides generated by 209 the interaction of the barotropic tide and topography. Savage et al. [2017] , examining the frequency 210 horizontal wavenumber spectra of dynamic sea surface height (SSH) variance in both HYCOM
211
(1/12.5 • and 1/25 • resolutions) and MITgcm (1/12 • , 1/24 • and 1/48 • resolutions) simulations, 212 reported that the choice of horizontal resolution affects the strength of the IGW continuum and that 213 over most regions the higher resolution simulations captured the observed spectra more accurately 214 at the higher frequencies (supertidal). They further showed that there are large peaks at the diurnal 215 and semi-diurnal frequencies in regions where diurnal and semi-diurnal tides are known to be large.
216
The prognostic model variables were saved at hourly intervals as instantaneous snapshots
217
(not averages). The use of instantaneous snapshots means that very high frequency (sub-hourly) 218 oscillations may be aliased, potentially introducing spurious motion into the Lagrangian trajectories.
219
We have no means to quantify this effect, other than by comparing with the temporally averaged 220 velocity fields, for which any potential aliasing is smoothed away. We extract 73 days (starting From structures, and the Agulhas leakage by elliptic coherent structures [Haller, 2015] .
227
In the following sub-sections we examine the frequency and wavenumber kinetic energy spectra 228 to provide a sense of the relative amplitudes of the tides, IGWs and balanced motions. 
Time Averaging

230
As described in the introduction, we employ time averaging of the velocity fields to filter out 231 the fast timescales associated with tides, IGWs, and submesoscale flow. This is accomplished by 232 grouping the hourly snapshots into daily and weekly blocks and taking the mean. This mean is 233 representative of the time at the midpoint of each block. We refer to the daily-and weekly-averaged 234 velocities generically as the filtered velocities. These three different velocity datasets constitute the main inputs to our analysis. The outputs are the different diagnostics described in subsequent 236 sections.
237
Frequency Spectra
238
To assess how much energy is contained at different timescales, we calculate the rotary power smaller by at least a factor of 100 than the raw power level.
267
Wavenumber Spectra
268
In this section we investigate the wavenumber power spectra of the raw and filtered velocity 269 fields. Further, we decompose these spectra into horizontally non-divergent and divergent compo-270 nents following a methodology described in Bühler et al. [2014] . The mesoscale motions in the 271 ocean are largely balanced/geostrophic, and hence non-divergent, while the tides, inertial oscillations Fig. 1 ) from the 2D wavenumber 288 spectra in these regions by integrating azimuthally over each
The bottom panel in Fig. 3 shows the ratio of unfiltered to filtered isotropic power spectral density 291 at the surface. The red lines show the ratio of the power between hourly : weekly velocities
292
(E h (K)/E w (K)) and the blue lines correspond to hourly : daily velocities (E h (K)/E d (K)).
293
The spectra are mostly flat at large scales and start dropping off at scales smaller than 200km.
294
The drop off in energy at length scales smaller than 10km is very rapid, presumably a result of
295
-10- will use for referring to these experiments. Here the 2D-w experiment represents the case that is 340 closest to Lagrangian particle advection using satellite altimetry derived velocities, which have a 341 nominal temporal resolution of 7-10 days. As noted in the introduction, none of these cases should be 342 considered an observing-system simulation, since the sampling and processing behind real satellite 343 altimetry products is considerably more complex than simple time averaging. If we were to arrange 344 these experiments in order of most to least realistic, the closest to the "real" ocean would be the 345 3D-h case, and the least realistic, and the closest to geostrophic trajectories inferred from satellite 346 altimetry, would be the 2D-w case, with realism decreasing downward and right in Table 1 . Surface 347 drifter experiments [Lumpkin and Johnson, 2013] are closest to the 2D-h case, as drifters do not 348 track the fluid vertically.
In each case, the particles are initialized on a regular horizontal grid spacing of 1/100
• × 1/100
at the surface, a total of 4450 × 2900 particles. For each of the simulations, when a particle reaches 351 the edge of the domain, it stops moving due to the imposed boundary conditions and therefore "dies".
352
We remove the "dead" particles from the analysis that is performed in this study to ensure that all 353 trajectories used here are of the same temporal length. This effectively creates a spatial mask (seen 354 in Fig. 6 ) over the domain.
355
For comparison with some (but not all) diagnostics, we also computed particle trajectories in the bulk transport properties change with time-averaged velocity fields.
376
Relative dispersion (D rel ) is defined as the mean squared separation over all particle pairs,
377
where the choice of pairs provides a conditional averaging. Here we define pairs as all particle 378 combinations that were initially separated by the same distance r o .
where N is the number of particles, and X i and X j are position vectors of the two particles in the 380 pair. A corresponding relative diffusivity, the rate of separation growth, can be defined as
We can also, albeit coarsely, relate the relative diffusivity to a length scale by replacing the time 382 dependence by the corresponding square root of the relative dispersion,
where r is the separation length scale. and unfiltered velocities (as shown in Fig 1) . We chose r o to be the grid separation (∼ 1km) at which 387 all particles were initially released, as this allows the turbulent transport to sampled down to the 388 smallest length scales in the system. Except for the differences in magnitude, the two regions exhibit 389 qualitatively similar behavior. Therefore, unless otherwise noted, the following discussion applies 390 equally to both regions.
391
In Fig. 4 , the relative dispersion, the relative diffusivity and the ratios of relative diffusivities instantaneous positions as 
This symmetric, positive definite tensor, C t t 0 (x 0 , y 0 ) admits two real positive eigenvalues, λ i and real
where λ i and ξ i are functions of (x 0 , y 0 , t). The maximum eigenvalues of this C-G tensor, λ 2 gives 472 the forward time FTLE as follows
For each time t, (7) provides a measure of the integrated strain along the trajectory of each particle positions (x 0 , y 0 ), as FTLE in this study. In Fig. 6 , the FTLE after 30 days is shown for each of the 479 six experiments described in Table 1 .
480
We also consider the 30 day FTLE fields, for particles advected with AVISO velocities in for a 30 day period, it is not the same 30 day period, so we are not offering a direct comparison here.
484
Also, as opposed to our simulations where we had to impose boundary conditions on the limited 485 domain under consideration, the AVISO particle simulation was done on the entire globe and thus
486
does not show masked out regions corresponding to particles that left the domain.
the two panels on the right of Fig. 6 , with the left panel in Fig. 7 
512
A useful quantitative way to assess the effect of filtering on the FTLEs is via their distributions.
513
The PDFs of the same FTLE fields are shown in Fig. 9 . For comparison, we also show the the 30 514 day FTLE fields from a similar region produced from AVISO surface geostrophic velocities. As 515 discussed by Beron-Vera [2010] , an FTLE PDF with a long tail suggests that most of the mixing in 516 the flow is accomplished a few special regions of strong stretching (such as coherent filaments). In 517 contrast, a more Gaussian PDF indicates that a range of structures at all scales contribute to mixing.
518
Beron-Vera [2010] found that FTLEs from AVISO and those from a 1/4• model exhibited a very 519 similar PDF, which peaked between 0 and 0.1, with a long tail extending to larger values.
As shown in Fig. 9 weekly averaged velocities. This shows that, by filtering out faster timescale processes we are also 542 filtering out vertical motions associated with these fast timescales.
543
FTLE tells us about strain rates in the flow field, which represents one kind of coherence, namely 544 material transport barriers due to fluid stretching. As we get further away from the satellite altimetry
545
(non-divergent) like velocity fields, and get closer to velocity fields with unbalanced flows (as we 546 might expect with a more realistic representation of the ocean), we observe higher and smaller-scale 547 strain in the domain.
548
In the next section, we describe the methodology used to detect materially bounded eddies
549
(coherent Lagrangian vortices) from our Lagrangian particle advection experiments and investigate 550 the role of temporal filtering on the presence or absence of these structures. Isern-Fontanet et al., 2006; Chelton et al., 2007; Beron-Vera et al., 560 2013; Haller and Yuan, 2000; Haller, 2002; Haller and Beron-Vera, 2013; Haller et al., 2016] . intuitive understanding of a vortex or eddy.
Lagrangian Averaged Vorticity Deviation
565
Our method and numerical approach to identifying such eddies is identical to the one described
566
in Abernathey and Haller [2017] . We begin with the instantaneous two-dimensional relative vorticity 567 ζ, defined by
In our experiments, the vorticity is calculated from the input velocity fields and interpolated linearly 
where X, Y is the Lagrangian position of the particle initial released at point x 0 , y 0 . Thus, the LAVD 576 is a function of initial position (x 0 , y 0 ) and also the time interval t 0 , t 1 . In Fig. 10 , the LAVD, 577 integrated for 30 days, is shown for all 6 experiments. For comparison, we also show the the 30 day 578 LAVD fields from a similar region produced from AVISO surface geostrophic velocities in Fig. 9 579 (right panel).
580
bands around a rotating near-circular core. In our study, this is represented by a family of closed
582
LAVD contours surrounding an innermost LAVD maximum (grey contours in Fig. 12 ). The outer 583 boundary of the rotationally coherent Lagrangian vortex (RCLV) is determined by a threshold on the 584 convexity of the contour [Haller et al., 2016] . For this purpose, we utilize the convexity deficiency
585
(CD), as a measure of the convexity of a 2D LAVD contour. This is the primary tuning parameter 586 of the LAVD method. CD is defined as the difference in area enclosed by the contour and its convex 587 hull divided by the area enclosed by the contour. Once a local maximum of LAVD is detected, we 588 move outwards from this maximum across the LAVD contours using a bisection search algorithm 589 until we hit the outermost contour with the target CD. The method does not discriminate between 590 cyclonic or anticyclonic vortices, since absolute values of vorticity are used for the definition.
591
The procedure is implemented using the scikit-image package in Python [van der Walt et al., 
598
In Fig. 11 , we plot the number of RCLVs detected for each choice of CD for all our 2D particle 599 experiments. For the 2D cases, we identify RCLVs at long time for the daily and hourly velocities 600 only when we relax the CD to very large values (≥ 0.05) and set the minimum area and the minimum Dong et al., 2014] have estimated this fraction to be quite high. Recently, objective Lagrangian methods, driven by The distribution of the FTLE probability density function for the 6 particle advection experiments with filtered and unfiltered llc4320 velocities along with the FTLE distriution for the particle tracking experiment with AVISO velocity fields in the Agulhas sector. 
